Introduction
The genetic code underpins all of life with almost invariant consistency, but imagine, for a moment, if this were not so. After all, a given codon is not intrinsically better suited to represent leucine than phenylalanine or aspartic acid. What if evolution could break the informational straightjacket, allowing species to tweak the code to their needs? It would be, to say the least, extremely inconvenient. To interpret each genome, the code would have to be cracked anew. We would need to understand how the code has evolved, which features are ancient, which are specific to major lineages, and which commonly fluctuate between species.
DNA methylation may not be as old as the genetic code but is nonetheless exceedingly ancient. Methylation of the fifth carbon of cytosine, the subject of this article, is mediated by the same enzymatic superfamily in bacteria, archaea, and eukaryotes [1] . Like the genetic code, semiconservative inheritance of methylation states of palindromic sites can propagate information through cellular generations [2] . However, the biological meaning of methylated bases is flexible [3] . Considering that mechanistic studies of DNA methylation are confined to a small number of model organisms, uncovering the evolutionary history of this process is required to know which lessons from, for example, the mustard weed Arabidopsis thaliana are directly applicable to mammals, which will be useful for distantly related crop plants, and which are esoteric to the genus. Recent advances in sequencing technology have allowed us to read the methylation patterns of entire genomes [4] [5] [6] [7] [8] . The quest to decipher the meaning of these patterns is just beginning.
Eukaryotic Methyltransferase Families
Dnmt1 and Dnmt3 are two generally accepted families of functional eukaryotic DNA methyltransferases that predate the divergence of plants and animals [1] . Dnmt1 and the accessory protein UHRF1 mediate methylation of hemimethylated CG dinucleotides following DNA replication, allowing faithful propagation of methylation patterns [1, 8] . Because of this functionality, Dnmt1 is generally considered a maintenance methyltransferase. Dnmt1 is the lynchpin of eukaryotic methylation: with the exception of a lineage of ascomycete fungi, all plants, animals and fungi that methylate DNA possess Dnmt1 (Figures 1 and 2) .
Dnmt3 enzymes establish methylation of previously unmethylated sequences in plants and animals. Animal Dnmt3s methylate CG sites, while land plant Dnmt3s (called DRMs for Domains Rearranged Methyltransferases because of a rearrangement of the catalytic domain) can methylate cytosine in any context [1] . DRMs are recruited to their sites of action by the RNA interference pathway [2] . Dnmt3 enzymes appear to be more dispensable than Dnmt1. Dnmt3 homologs have not been found in any fungal genome, and Dnmt3 has been lost in some green algae and animal lineages ( Figure 2 ). The green alga Chlorella sp. NC64A, the silk moth Bombyx mori and zygomycete and basidiomycete fungi have robust Dnmt1-mediated CG methylation without Dnmt3 [7] . In B. mori and basidiomycetes, Dnmt1 is the only methyltransferase family, indicating that Dnmt1 can establish as well as maintain DNA methylation, at least in some species [7] .
CMT and Dim-2 are Dnmt1-related methyltransferases found in plants and fungi, respectively [9, 10] . Both enzymes methylate transposable elements and other repeats, are dependent on methylation of lysine 9 of histone H3, and have acidic carboxy-terminal tails [1, 7] . Consistent with the structural and functional similarities, CMT and Dim-2 form a monophyletic group distinct from the Dnmt1 proteins of plants, animals, and fungi (Figure 1 ), leading us to propose the CMT/Dim-2 enzyme family [7] . Neither CMT-like nor Dim-2-like proteins are present in animals, indicating that this family has been lost early in animal evolution ( Figure 2) .
Finally, plants, animals and fungi share the highly conserved Dnmt2 proteins [1] . Dnmt2 contains all catalytic motifs expected of a DNA methyltransferase, but shows no such activity in vitro [11] . Instead, Dnmt2 specifically and efficiently methylates cytosine 38 of tRNA Asp in vitro, and can reestablish this methylation in A. thaliana, mouse and fruit fly Dnmt2-deficient cells [12] . The sequence around cytosine 38 is conserved among organisms that have Dnmt2, but is diverged in species lacking Dnmt2 [12] . Several studies have put forth evidence for in vivo DNA methylation by Dnmt2, most recently in early Drosophila embryos [13] . However, whole-genome analysis of fruit fly embryos at the same stage did not reveal significant methylation [7] . While the possibility that Dnmt2 can function as a DNA methyltransferase remains, the preponderance of evidence so far suggests that Dnmt2 is a very specific RNA methyltransferase with no activity on DNA.
DNA Methylation and Genome Defense DNA methylation has been long-proposed to function as a genomic immune system [14, 15] . Invading transposable elements (TEs), once recognized by the host, would be methylated, suppressing transcription and recombination, thereby preventing further replication and preserving genome integrity [1] . There is very strong evidence that plants and fungi use methylation to defend against TEs. TEs are preferentially methylated in every plant and fungus examined so far [7, 8] . CMT enzymes methylate TEs almost exclusively, Figure 1 . A phylogenetic tree of eukaryotic DNA methyltransferases. The tree is based on the conserved catalytic domains of Dnmt1, CMT, Dim-2 and Dnmt3 proteins, with bacterial methyltransferases included as an outgroup. Conserved domains were aligned using MUSCLE v3.7 and the phylogenetic tree was inferred using MrBayes v3.1.2 as described [7] . Dnmt1, Dim-2, CMT, Dnmt3 and bacterial proteins are colored blue, red, green, purple and black, respectively. and loss of DNA methylation causes transcriptional reactivation and transposition of plant TEs [16] . With the exception of a small amount of methylation in Uncinocarpus reesii genes, all fungal methylation is located in transcriptionally silent, primarily repetitive loci [7, 17] . Ascomycete and basidiomycete fungi methylate and silence repeated sequences as part of the sexual cycle [18] . In the ascomycete Ascobolus immersus this methylation is initiated by the methyltransferase Masc1 [19] . Other ascomycete fungi have taken a step further, riddling repeats with C/G > T/A point mutations. This process, termed repeat-induced point mutation (RIP), was first identified and is best studied in Neurospora crassa, where it requires the RID protein, a Masc1 homolog [20] . There is much evidence that DNA methylation is mutagenic: deamination of unmethylated cytosine produces uracil, which is efficiently repaired, while deamination of 5-methylcytosine produces thymine. This, and the involvement of RID, has led to the hypothesis that RIP works by methylation-coupled deamination [18] .
Masc1/RID methyltransferases have so far been found only in the Pezizomycotina branch of ascomycete fungi [21] . Although two RID-like proteins were suggested to exist in the basidiomycete Coprinopsis cinerea [21] , a phylogenetic reconstruction shows that these are Dnmt1 proteins [7] . Ascomycete Masc1/RID proteins, though quite diverged, likely evolved from Dnmt1. Some proteins in this family contain a bromo-adjacent homology (BAH) domain, a feature of Dnmt1 [21] . We recently found that mutation of cytosines within repeats of U. reesii is restricted (or at least has a very high preference for) CG sites, suggesting that U. reesii RID has retained the ancestral Dnmt1 sequence preference [7] .
The relationship between DNA methylation and TE defense is much less straightforward in animals. The genomes of vertebrates, even those with very few TEs, exhibit almost blanket methylation [6] [7] [8] . This pattern is consistent with methylation being the default state, so that unmethylated sequences are protected from methylation [22] . Nevertheless, puffer fish, zebrafish and mouse TEs are significantly enriched in methylation compared to adjacent regions, indicating that TEs are at least not protected from methylation [7, 8] , and DNA methylation may be directed to vertebrate TEs by small RNAs [23] . Vertebrate methylation is strongly associated with transcriptional repression, including of TEs [1, 22] , so DNA methylation appears to be a key mechanism of vertebrate TE defense. Unlike vertebrates, there is no evidence that DNA methylation silences TEs, or for that matter silences anything, in invertebrates [7, 8, 22] . TEs are not preferentially methylated in the chordate Ciona intestinalis, insects, or the sea anemone Nematostella vectensis [7, 8] . Methylation of invertebrate transcriptional start sites does not negatively correlate with transcription [7] . The decoupling of DNA methylation from TE silencing in invertebrates suggests that the ancestral methylation-dependent TE silencing pathway was lost in early animal evolution, and that the use of methylation for TE defense has evolved independently in the vertebrate lineage ( Figure 2 ).
Gene Bodies Are Ancient Methylation Targets
Although DNA methylation of active genes has long been a known feature of mammalian genomes, the blanket character of vertebrate methylation and the abundance of TEs within introns made it difficult to ascertain the significance of genic methylation [22] . The discovery of gene body methylation in the chordate C. intestinalis and the subsequent identification of such methylation in Arabidopsis led to the recognition that gene body methylation may be a significant phenomenon [24] [25] [26] [27] . By now, extensive methylation of active genes has been found in many animals (humans, mouse, zebrafish, pufferfish, C. intestinalis, honeybee, silk moth, and sea anemone) and plants (Arabidopsis, poplar, rice, maize, and three species of green algae) [5] [6] [7] [8] 28, 29] . Gene body methylation is almost exclusively found in the CG context, even in plants that also exhibit methylation in other contexts, a phenomenon explained in part by exclusion of non-CG methylation by the putative IBM1 histone demethylase in Arabidopsis, and likely in other plants [30] .
Gene body methylation shows a similar pattern in all examined genomes, with methylation excluded near the transcription start and termination sites, and a preference for exons over introns [7, 8] . Several mechanisms likely account for this pattern. ROS1-related Arabidopsis DNA glycosylases that specifically remove methylated cytosine have a preference for gene ends [5, 31] . This mechanism is unlikely to be general because the ROS1 family is found only in plants [32] . A more universal factor may be the histone variant H2A.Z, an ancient eukaryotic protein that preferentially localizes near the transcription start site in all plants, animals and fungi examined so far [33] . DNA methylation in Arabidopsis and pufferfish shows a very strong anticorrelation with H2A.Z, and disruption of an Arabidopsis chromatin factor that deposits H2A.Z leads to hypermethylation [7, 34] . Methylation of lysine 4 of histone H3 (H3K4me), which antagonizes DNA methylation, at least in mammals, and is concentrated around the transcription start site, may also contribute to the pattern of gene body methylation [35, 36] . A distinctive feature of flowering plants is that methylation is depleted mostly downstream of the transcription start site, whereas in green algae and animal genes methylation is lowest upstream of this region [7, 8] . Depletion of methylation correlates with enrichment of H2A.Z and H3K4me, suggesting that sequences required for gene activity may differ in relation to the transcription start site between flowering plants and other eukaryotes.
Plant and animal species show a characteristic relationship between gene body methylation and transcription: Modestly transcribed genes are most likely to be methylated, while genes at either transcriptional extreme are least likely [7, 26, 27] . In Arabidopsis, there is an inverse correlation between variability of gene expression and methylation, with most methylation found at constitutively expressed genes, and least at tissue-specific or inducible ones [26, 37] . It is probable that this is the more relevant correlation, and that it also holds true in other species, but this remains to be tested. Although gene body methylation, as characterized in plants and animals, has not been found in fungi (Figure 2 ), the ascomycete U. reesii does methylate its genes. This methylation occurs in all sequence contexts, has a very strong preference for exons and is directly correlated with gene transcription [7] . The last two features suggest that methylation is either targeted by spliced mRNA or the splicing process itself.
The function of gene body methylation remains a mystery. We have proposed that methylation may repress cryptic intragenic promoters by preventing RNA Polymerase II recruitment, possibly through exclusion of H2A.Z [7, 27] . Some organisms, like vertebrates and Chlorella, methylate the vast majority of their genes, so it is likely that genic methylation plays an additional role in these species. Vertebrates have immune receptors that recognize DNA with unmethylated CG sites as foreign, so extensive CG methylation serves as a 'self' signal [22, 38] . A similar function might exist in Chlorella, which is infected by a wide variety of DNA viruses, and thus has a strong incentive to differentiate its DNA from that of the pathogen [39] . The preference of methylation for exons [8] is consistent with a role in splicing, as has been recently reported for histone modifications [40] . The best evidence for functional importance of gene body methylation comes from honeybees, where knockdown of Dnmt3 by RNA interference (RNAi) mimics the effect of royal jelly, causing larvae to develop into queens [41] . Given the wide conservation of gene body methylation, understanding its functions is a major outstanding challenge.
DNA Methylation, Transposon Defense, and Development
Proper DNA methylation patterns are crucial for plant and animal development [2] . In part, developmental disruption is the expected consequence of derepressing TEs that are near or within genes, but methylation has also been recruited for regulatory purposes. In Arabidopsis, a glycosylase homologous to ROS1, called DEMETER, is expressed in the central cell, which is adjacent to the egg [42] . Plant pollen carries two sperm nuclei, one of which fertilizes the central cell to give rise to endosperm, a terminal placenta-like tissue that nourishes the embryo and makes up the bulk of grain seeds. DEMETER is expressed in the central cell prior to fertilization, causing global demethylation of the maternal genome [43, 44] . This results in genomic imprintingepigenetic differentiation between maternal and paternal genomes -that causes some genes to be preferentially or exclusively expressed either from the maternal or paternal alleles. The imprinted genes themselves do not appear to be targeted for demethylation with any specificity [44] ; instead, the likely purpose of this process is reactivation of TEs, a hypothesis supported by a massive burst of small RNAs arising specifically from maternal chromosomes in the endosperm [45] . The small RNAs, which can trigger DNA methylation of cognate sequences, would immunize the egg cell and embryo by reinforcing TE silencing. This process has also been proposed to operate in pollen, where TEs are derepressed in the vegetative nurse cell, and a small RNA expressed in the vegetative cell has been shown to silence a gene in sperm [46] . Removal of methylation from maternal TEs and repeats that are near or within genes can influence gene expression, so that parent-of-origin specific expression is a consequence of TE defense, and new imprinted genes can arise through transposition events or sequence duplications that bring a gene under control of the methylation pathway [43, 44] .
Regulation of vertebrate gene expression by DNA methylation appears to be substantially more dynamic than in plants. Imprinted expression of mammalian genes is caused by differential DNA methylation established during gametogenesis [47] . DNA methylation patterns differ between cell types, with gamete and embryo-specific genes methylated in adult tissues [48] . Aberrant methylation is a common hallmark of cancer cells, including hypermethylation and silencing of tumor suppressor genes [49] . Like in plants, methylation near the transcription start site of vertebrate genes causes silencing, so the regulatory aspects of vertebrate DNA methylation are also likely an outgrowth of TE defense. As long as methylation has the capacity to repress transcription, it seems evolution will recruit it to do so in genes as well as TEs.
In both plants and animals, methylation primarily represses genes by impeding transcriptional initiation [50] . In N. crassa, however, initiation is unaffected, but transcriptional elongation is disrupted [51] . Why the dichotomy? A possibility is that the loss of gene body methylation freed fungi to use methylation to inhibit elongation, while plants and animals that methylate bodies of active genes simply do not have this option.
All About Sex?
The patchy evolutionary distribution of DNA methylation has been a long-standing mystery. Methylation has been lost several times in the course of animal evolution, including in lineages leading to Drosophila and C. elegans, as well as the chordate O. dioica (Figure 2 ). Methylation is uncommon in fungi, with saccharomycete and schizosaccharomyces ascomycetes, and most basidiomycete and zygomycete species lacking methyltransferase genes [22] . Most species of green algae with sequenced genomes also lack DNA methyltransferases. On the other hand, all examined vertebrates and land plants, lineages that date back at least 500 million years, have extensive DNA methylation. Why should this be?
We recently proposed that the major forces driving the evolution of methylation are TEs and sex [7] . Because TEs, with rare exceptions, cannot move from host to host, they spread in a population through genetic drift, some selective advantage to the host, or through mating of carriers with non-carriers. The first two strategies depend on no or very little harm to the host, but the last one does not. When a carrier mates with a non-carrier, all of the offspring inherit the TE, so a TE that does not harm its host doubles its prevalence in a population in a single generation (Figure 3) . Thecorollary is that a TE can decrease the fitness of its host by as much as half and still become fixed (Figure 3) , logic that has even led to the proposal that TEs invented sexual reproduction [52] . TE aggressiveness correlates very well with the extent of sexual outcrossing of the host [53] , so while TEs may not have invented sex, they are an evolutionary price we pay for having it [54] .
Extant unicellular eukaryotes are primarily asexual, so losing the ability to silence TEs via DNA methylation likely imposes a modest enough evolutionary cost that some lineages can acquire compensatory mutations before going extinct. This would explain the dearth of methylation among fungi and green algae. If today's unicellular eukaryotes are a reliable guide, early unicellular animals also likely relied primarily on asexual reproduction, and thus could retain gene body methylation while losing the ability to use methylation to silence TEs. Extant invertebrate lineages, though primarily sexual, evolved from a primarily asexual state without a link between DNA methylation and TE silencing, instead using other pathways, such as repressive chromatin mediated by RNAi, to silence TEs [55] . Sexually outcrossing invertebrates like fruit flies could thus lose DNA methylation without compromising TE defense.
Land plants and vertebrates reproduce primarily by sexual outcrossing and use DNA methylation to silence TEs, so they are stuck with methylation: Loss of the system would disrupt gene transcription by activating dormant TEs that frequently reside near or within genes, and lead to a burst of mutagenic transposition, driving the host lineage to extinction. The known differences between plant and vertebrate methylation dynamics may be a consequence of the differing evolutionary trajectories of the methylation system. Plants, which appear to have inherited the use of methylation for TE defense from ancestral eukaryotes [7] , do not undergo major fluctuations in methylation except in terminal nurse cells that do not contribute to the next generation [43, 44] . Vertebrates, which appear to have reinvented the use of methylation for TE silencing, and thus were building upon invertebrate systems that do not rely on methylation, would have more flexibility, potentially relying on chromatin-based silencing to prevent TE reactivation during the demethylation events that occur in early development of some species [56] .
DNA methylation shows remarkable diversity in extent and function across eukaryotic evolution. In our view, the need to mitigate the damage that TEs inflict on sexually reproducing species -a search, if you will, for safer sex -is the main evolutionary force maintaining DNA methylation in eukaryotic genomes. Methylation of gene bodies, whatever its function, appears to be more dispensable, as it has been independently lost in multiple plant and animal lineages. In plants and animals, methylation has also been co-opted to regulate development. Understanding the full scope of DNA methylation functionality, and how the various functions interact in different species, is a challenge for the future.
